Introduction
In recent decades [1] [2] [3] , since the pioneering work of Michael Grӓtzel and coworkers [4] , considerable research efforts have been devoted to dye sensitized solar cells (DSSCs). This can be attributed to their lower cost compared to inorganic photovoltaic technologies. The sensitizer is a key component of a DSSC, since its role is to efficiently harvest the light and inject the photogenerated electrons from the excited state into the conduction band of the metal oxide semiconductor. Many aspects of DSSCs have been investigated, including sensitizers, semiconducting metal oxide photoanodes, electrolytes and counter electrodes.
These research efforts have resulted in the achievement of power conversion efficiencies (PCEs) up to 12.3 % for DSSCs [5] . Generally, DSSCs based on ruthenium complex based dyes show optimum efficiencies with the use of thick (> 15m) TiO2 photoanodes mainly because of their low molar extinction coefficient at maximum absorption wavelength peak due to metal to ligand charge transfer molecular excitation. On the other hand, metal free dyes compared to ruthenium complex based dyes, have larger molar extinction coefficients and allow fabrication of DSSCs with thinner TiO2 photoanodes that minimize charge transport losses. The highest efficiency of metal free sensitizers based DSSCs have reached 10 % [6] [7] [8] [9] . However, the sharp and narrow absorption band of the metal free dyes weakens the light harvesting capabilities over the whole visible spectrum. Enhancement of light harvesting efficiency may be achieved through incorporation of dyes that have broad absorption bands in the near infrared of the solar spectrum. However, the disadvantage of the single dye with wider absorption spectra is its difficulty to inject the photogenerated electron from sensitizer into the photoanode, if its LUMO level approaches the conduction band of TiO2 [10] [11] [12] [13] [14] [15] [16] . Therefore, cosensitization of two dyes having complementary absorption is an effective approach to increase the photoanode light absorption behavior. Several research groups [17] [18] [19] [20] [21] [22] [23] have investigated DSSCs based on the cosensitization of two or more dyes 3 and found that the PCE of these devices had been improved significantly with respect to the DSSCs sensitized with individual dyes. Han et al. [21] has reported a very high PCE (11.4%) for DSSCs based on a cosensitized system of metal-free dye and black dye. A record high PCE of 12.3% is reported with two metal containing porphyrin dyes as co-sensitizers with the use of a Co (II/III) based redox electrolyte [5] . Recently 13 % PCE has been reported for DSSCs based on porphyrin dyes [24] . Several research groups [25] [26] [27] have used the cosensitization of two dyes using the molecular cocktail method but the success is limited due to the solubility of different dyes in a common solvent. Apart from this approach, step wise selective dye adsorption is a much simpler and inexpensive method for cosensitization of multiple sensitizers on a single TiO2 electrode [28] [29] [30] [31] [32] .
In this communication, we report a DSSC system using a well known Ru based dye i.e. N719 and metal free dye carbazole based D-(-A)2 i.e. 3,3'-(5,5'-(9-hexyl-9H-carbazole-
These are employed as primary and secondary sensitizers, respectively for cosensitization via a step wise adsorption approach to increase the PCE of the DSSC. The N719/D cosensitized DSSC shows a PCE of about 7.24 % which is higher than that of DSSCs based on either N719 (5.78 %) or D (3.95 %) sensitizers. The improved PCE of the cosensitized DSSC is attributed to the combined enhancement of both short circuit photocurrent (Jsc) and open circuit voltage (Voc).
These are non-optimized DSSC that do not contain TiCl4 treatments or scattering layers.
Experimental details
Fluorine doped tin oxide (FTO) glass substrates were cleaned by sonication in decon 90, distilled water, isopropanol and finally with ethanol. The working electrodes for the DSSC were prepared by firstly forming a blocking layer from 0.2M di-isopropoxy titanium bis (acetylacetone) in isopropanol by spray pyrolysis. This was then followed by the deposition of a nano-crystalline layer of TiO2 using the doctor blade technique using Dyesol However, the absorption band at around 375-435 nm can be attributed to an intramolecular charge transfer between the carbazole donor and cyanoacetic acceptor [34] . It can be seen (Fig. 1) . The zero-zero excitation energy (E0-0) has 6 been estimated from the intersection point of emission and the corresponding absorption spectra, which is found to be 2.38 eV.
Results and discussion
The absorption spectra of D on TiO2 film is also shown in Fig [35] [36] [37] . This indicates that the oxidized dye formed after electron injection into conduction band of TiO2 should be able to accept electrons from the  I ions in the electrolyte [38] . The excited state oxidation potential Eox* that corresponds to the lowest unoccupied molecular orbital (LUMO) energy level of sensitizer also plays an important role in the injection mechanism into the TiO2 conduction band. The excited state oxidation potential is estimated using, Eox * = Eox -E0-0. The LUMO level of D is -1.34 V vs SCE which is more negative than the conduction band edge of the TiO2 (-0.5 V vs SCE) [39, 40] . Since the difference in the LUMO of dye and conduction band edge of TiO2 should be greater than 0.2 V this suggests that the electron injection process [41] is energetically favorable.
To obtain further insight into the electron distribution of the D dye, density functional theory (DFT) calculations have been performed at a B3LYP/6-31G* level using the Gaussian 09 program package [42] . The initial geometry optimizations have been performed using the Turbomole package [43] . The excitation transitions of the D have been calculated using timedependent density functional theory (TD-DFT) calculations. We have calculated the optical gap both in gas phase as well as in the presence of solvents. The frontier molecular orbitals are shown in Fig. 2 I in this wavelength region is higher than that for the N719 dye [21] . However, the dip in the IPCE spectra is recovered for N719/D cosensitized DSSC probably because the molar extinction coefficient for the D dye in this region is higher than that for both Dye loading of the photoanode is another important parameter for the PCE of DSSCs.
The amount of dye loading on to the 12 m thick sensitized TiO2 photoanode is measured as described in the literature [32] . .
These results indicate that total coverage of TiO2 surface has been improved by incorporating the small sized D molecules into gaps within the N719 dye adsorbed TiO2 film. However, the total amount of dye adsorbed for the D/N719 system has been reduced, which may be due to the large molecular size of N719 when compared to D. When the TiO2 photoanode is initially dipped into D before N719, the D completely adsorbed onto the TiO2 surface. This effectively hindered the subsequent absorption of the larger molecular sized N719 dye severely limiting its adsorption. The reduced dye loading for D/N719 suppresses the light harvesting efficiency and results in the lower PCE observed.
The Jsc is strongly influenced by the light harvesting efficiency, charge separation (such as injection dye regeneration and recombination) and charge collection. It has been reported that the cosensitization of dyes with co-adsorbents leads to breakup of dye aggregates, resulting in high PCE (mainly enhancement in Jsc and Voc) [48] [49] [50] .
Electrochemical impedance spectroscopy (EIS) provides information about the electron transport and recombination at the photoanode/dye/electrolyte interface in DSSCs Rt is the electron transport resistance. The electron transport resistance (Rt) is manifested as a linear feature in the high frequency region of the central semicircle which indicates that the electron transport features a transmission line behavior, which has been observed for DSSCs using TiO2 photoanodes [52, 57] . An equivalent circuit based on the transmission line model [52] [53] [54] [55] [56] [57] is applied yielding the EIS parameters, Rct, Rt, C, n and cc, which are summarized in Table 3 . The recombination resistance of the DSSC based on the N719/D is higher than that for the DSSCs sensitized with individual dyes, N719 or D. The cosensitization may induce the changes in the adsorption state of the dye and electronic states of the dye sensitized TiO2, therefore influencing the electron injection efficiency [59, 60] . Therefore, the Moreover, the recombination resistance (Rct) is higher for N719/D system than the individual dyes, also support the reduction in dark current that results an improvement in Voc for N719/D co-sensitized DSSC.
Conclusions
The optical and electrochemical properties of a metal free dye based on carbazole I ions. The increase in both Jsc and Voc lead to an enhancement in the overall PCE of the DSSC with step wise cosensitization. 
